To explain differences in gut microbial communities we must determine how processes regulating microbial community assembly (colonization, persistence) differ among hosts and affect microbiota composition. We surveyed the gut microbiota of threespine stickleback (Gasterosteus aculeatus) from 10 geographically clustered populations and sequenced environmental samples to track potential colonizing microbes and quantify the effects of host environment and genotype. Gut microbiota composition and diversity varied among populations. These among-population differences were associated with multiple covarying ecological variables: habitat type (lake, stream, estuary), lake geomorphology and food-(but not water-) associated microbiota. Fish genotype also covaried with gut microbiota composition; more genetically divergent populations exhibited more divergent gut microbiota. Our results suggest that population level differences in stickleback gut microbiota may depend more on internal sorting processes (host genotype) than on colonization processes (transient environmental effects).
Introduction
Metacommunity theory is a branch of ecology describing the dynamics and composition of patchily distributed species assemblages (Levins, 1970) . The microbiota of the vertebrate gastrointestinal tract provides an excellent example of a metacommunity (Costello et al., 2012; O'Dwyer et al., 2012) , comprising diverse species assemblages distributed across many discrete and temporary patches (individual hosts). In metacommunities, the species composition within any single patch (host) depends on two processes. First, colonization by microbes from the external environment continually adds species to a local community. Second, whether these colonists persist or are lost depends on ecological interactions within the patches (for example, among microbes, or between the host and microbiota), which ecologists call 'filtering' or within-patch dynamics. The mechanisms governing colonization and filtering of gut microbiota remain poorly understood, yet this knowledge is vital for treating diseases associated with dysbiosis (Hofer and Speck, 2009; Carlisle et al., 2011; Frazier et al., 2011; Haiser and Turnbaugh, 2012; Wong et al., 2012; Atarashi et al., 2013) . We studied wild populations of threespine stickleback (Gasterosteus aculeatus), a small fish with variable ecology, to identify major pathways of microbial colonization (via water-or food-borne microbes). We also asked to what extent do population differences in microbiota reflect differential colonization versus differences in host genotype (which likely represents host-specific filtering dynamics)?
Microbial colonization of the vertebrate gut begins at birth through contact with parents and the external environment (Bergh, 1995; Hansen and Olafsen, 1999; Dominguez-Bello et al., 2010; Pantoja-Feliciano et al., 2013) . Colonization continues throughout life by microbes from ingested materials, such as food and liquid, or via contact with microbes on other organisms or abiotic surfaces (Liston, 1956; Campbell and Buswell, 1983; Meadow et al., 2013) . Most of these colonists are transient, either passing through the gut or dying. Nevertheless, host populations exposed to different microbial colonists may exhibit divergent microbiota. For example, because water salinity affects ambient microbial taxa, fish gut microbiota communities differ between fresh and marine populations (Sullam et al., 2012) . However, the sources of microbial colonists and their relative importance remain unknown for many organisms. Here, we quantify the contribution of two major sources of fish gut colonists: microbes from invertebrate prey, and in the ambient water.
Once colonizing bacteria enter the host's gut, the colonists may decline in abundance (if they are excreted or reproduce poorly), or may successfully establish a self-perpetuating local population. Whether a colonizing species becomes a member of the community depends on the relative rates of recurrent colonization versus local extinction (for example, the balance of colonization versus filtering dynamics). The filtering process, in metacommunity theory, can depend on several factors. First, arriving microbes must have an appropriate spatial and nutritional niche within the host gut (Laparra and Sanz, 2010; Faith et al., 2011; Nicholson et al., 2012) . In particular, host food composition affects the persistence of extant microbes through nutritional inputs needed to sustain microbial reproduction (Hildebrandt et al., 2009; Wu et al., 2011; Parks et al., 2013) . Second, food intake and digestion rates affect the speed of food passage through the gut and thus the rate at which microbes are lost via excretion. Third, colonist persistence depends on interactions with other microbes , including resource competition (Mahowald et al., 2009) , allelopathy (Leão et al., 2012) and cross-feeding (Rey et al., 2010) . Fourth, colonizing microbes must survive potential host immune responses (Gomez and Balcazar, 2008; Maslowski and Mackay, 2011; Round et al., 2011; Carvaho et al., 2012; Hooper et al., 2012; Biswas and Kobayashi, 2013; Cebula et al., 2013; Robertson and Girardin, 2013; Bolnick et al., 2014b) . Genetic diversity within and among host populations is known to generate variation in immune response, which may in turn contribute to filtering of microbial colonists. Here, we show that within-and among-population differences in gut microbiota reflect host genetic diversity, even after accounting for differential colonization. We use these findings to infer that metacommunity structure of the stickleback microbiota is more strongly driven by host genotype (likely reflecting species filtering processes (Ley et al., 2008; Benson et al., 2010; Kovacs et al., 2011) ) than by colonization.
Materials and methods

Study system
The threespine stickleback is a widely used model organism in evolutionary biology because of its repeated post-glacial colonization of freshwater habitats from marine populations, leading to replicate convergent evolution in different populations (Reusch et al., 2001) . Recently established freshwater populations diverged from their marine ancestors (Jones et al., 2012) , and also exhibit adaptive divergence among populations in disparate freshwater habitats (small versus large lakes, or streams) (Lavin and McPhail, 1985; Hendry et al., 2009 Hendry et al., , 2013 . These habitats vary in abiotic variables such as water chemistry and temperature, and in biotic features such as prey availability, both of which may separately affect microbial colonization of the host gut. Stickleback populations also exhibit varying levels of genetic divergence, arising from both neutral evolution and divergent natural selection. This genetic divergence is especially striking for some immune genes, including but not limited to MHC class II (Stutz and Bolnick, 2014) , which can regulate microbial persistence within the host gut (Bolnick et al., 2014a) . Consequently, environmental and host genetic divergence among stickleback populations provides an opportunity to partition the effects of colonization and host genetic filtering on gut microbial metapopulation structure in a wild animal species.
We compared the gut microbiota composition and diversity of 10 stickleback populations, including two marine and eight freshwater populations. The freshwater populations come from a single watershed (all o7 km apart). The two populations of anadromous marine stickleback were from the closest estuaries immediately north and south of this drainage (72 km apart). By sampling freshwater sites within a few kilometers of each other, we minimize environmental heterogeneity. Water temperatures at these sites are typically within a few degrees of each other, and conductivity, pH and dissolved oxygen levels are highly similar. The ecological differences that do exist between our sample sites (particularly between lake and stream habitats, and between large and small lakes) are largely unrelated to genetic differentiation between sites, which primarily reflects spatial connectivity (Caldera and Bolnick, 2008) . This facilitates our goal of separately estimating effects of populations' environmental and genetic variation in gut microbiota. A further benefit is that all freshwater populations share a common ancestor since deglaciation 12 000 years ago (Hagen and McPhail, 1970; Caldera and Bolnick, 2008) , providing a known time frame for gut microbial divergence.
Using these samples, we asked whether the gut microbiota differs among geographically and genetically related populations. We then tested whether population-level differences can be attributed to differential colonization by water-or food-borne microbes, or attributed to filtering based on host genotype. We use these results to draw inferences regarding the relative role of colonization and filtering dynamics in a wild gut microbial metapopulation.
Sample acquisition
From 20 June to 11 July, 2012, we collected 182 stickleback from 10 sites (Supplementary Tables S1  and S2 ) including six lakes, two streams and two estuaries on Vancouver Island, British Columbia (Figure 1 ). Stickleback were trapped in unbaited minnow traps along the shoreline of each site, at depths ranging from 0.5 to 3.0 m and typically 1-5 m offshore.
We also sampled typical stickleback prey: from each site at least 20 macroinvertebrates were collected by scooping mud with a small aquarium net, and four zooplankton samples were collected by towing a 50 μm Wisconsin-style plankton tow just below the water surface for 20-50 m. Examining these samples under a dissecting microscope, we retained individual invertebrates that are typically consumed by stickleback in a given lake (Snowberg et al. (in press) ). Note, however, that we were unable to sample all possible invertebrate prey from a given lake, both because of limited sampling per site and because some prey species are only available at other times of year or certain times of day (all samples were collected between 1600 and 2000 hours). Finally, four water samples (40 ml) were collected just below the surface (5 cm) to identify ambient microbes at each site. All samples were immediately frozen. For each type of sample (fish, prey, water), we collected from various locations within each sample site to maximize surface coverage and to maximize representation of the site's communities. However, it was not our goal, nor was it feasible, to comprehensively sample environmental and invertebrate-associated microbiota, which may vary over diel or seasonal cycles, as well as potentially varying between innumerable microhabitats within a given location. It is therefore possible that some differences between fish gut microbiota and environmental microbiota are due to necessarily incomplete sampling of both types of microbial communities.
In the laboratory, we partially thawed stickleback and dissected (using sterile tools and work surface) each fish to extract the whole intestine (~35 mg) for microbial DNA extraction. In many species the gut microbiota varies along the length of the digestive tract (Dethlefsen et al., 2006) ; we averaged across such variation by using the entire intestine because the spatial structure of stickleback gut microbiota is unknown. Also, by sampling the entire intestine we include bacteria in the gut lumen, as well as those associated with mucosal surfaces. The latter are more likely to remain long-term residents. Lumen microbiota are more likely to be recent colonists imported with prey items, and are more likely to be rapidly excreted in feces. However, both lumen-and mucosal-associated bacteria may be important members of the microbial community from the standpoint of digestion, host nutrition and immunity.
We determined the sex of each fish via gonad morphology. Macroinvertebrates and zooplankton were sorted by taxon (Supplementary Table S1 ). DNA was immediately isolated from separate individuals for larger invertebrates, or from pools combining a few conspecific individuals for smaller insect larvae, or pools of up to 100 individuals for small zooplankton taxa (Supplementary Table S3 ). Amplification, sequencing and analysis of 16S rRNA genes We extracted DNA from stickleback, macroinvertebrates and zooplankton using Powersoil DNA Isolation Kits (MoBio Laboratories, Carlsbad, CA). The Powersoil protocol was modified as described in Bolnick et al. (2014c) . After filtering water samples we extracted DNA following the protocol of the MoBio PowerWater DNA isolation kit.
We amplified and sequenced the V4-V5 hypervariable regions of the 16S rRNA (positions 515 to 806, based on E. coli numbering) gene in all samples using the procedure in Bolnick et al. (2014c) except for the following modifications. The forward primers contained the 5′ Illumina sequencing adapter, a 10 nt pad sequence, followed by the 515 16S specific linker and primer sequence. The reverse primer contained the 3′ reverse complement of the Illumina sequencing adapter, the 12 nt Golay barcode, a 10 nt pad sequence followed by the 16S specific 806R reverse linker and primer. Sequencing was done on an Illumina MiSeq genome sequencer at the University of Texas at Austin.
Data analysis was performed using QIIME v1.7 (Caporaso et al., 2010) . Initial quality filtering was done as in (Bokulich et al., 2013; Supplementary Table S4) . To focus the analysis on archaeal and bacterial taxa, OTUs (operational taxonomic units) were picked using a closed-reference OTU picking protocol against the Greengenes database (DeSantis et al., 2006; available at http://greengenes.lbl.gov/ Download/Sequence_Data/Fasta_data_files/Capor aso_Reference_OTUs/gg_otus_4feb2011.tgz), prefiltered at 97% identity: between 40 and 70% of reads were discarded. As described in Bolnick et al. (2014b) , the vast majority of our discarded reads were either host mitochondrial sequence or phiX, which was spiked into the library to increase read diversity. Some discarded sequences had no blast hits at all and likely represent sequencing error.
As an additional quality-filtering step, OTUs represented by o10 sequences were discarded, as described in Caporaso et al. (2011) , to focus on high-quality sequences. Closed-reference OTU picking of our stickleback microbiota sequences retained most (~75%) of the sequences obtained by openreference OTU picking (which we did for comparison). Open and closed-reference OTU picking yields highly correlated alpha and beta diversity measures in stickleback. We focused on closed-reference OTU picking for these analyses because this method yields higher-quality taxonomic identifications and a more reliable OTU phylogenetic tree (which is based on the full-length sequences rather than on short tags) than do open-reference methods.
Taxonomic assignments for OTUs were based on the Greengenes reference sequence defining that OTU, and the Greengenes tree was used for computing phylogenetic diversity metrics. Because diversity metrics are sensitive to sampling effort, we rarefied the data to 3000 sequences per sample; diversity measures are highly correlated across various levels of rarefaction in the stickleback gut (Bolnick et al., 2014b) , and using the lower rarefaction level allows us to retain more samples. Alpha diversity of individual samples was calculated post-rarefaction as phylogenetic diversity, Chao1 and species richness. Between-sample, pairwise diversity was calculated with unweighted or weighted UniFrac (weighted for OTU relative abundance) (Lozupone and Knight, 2005) . We then performed principal coordinate analysis (PCoA) on the resulting distance matrices for lake fish only.
Statistical analysis
We used multiple measures of microbial variation (UniFrac distances, PCoA scores or alpha diversity metrics) in several statistical tests. First, we used PERMANOVAs to test for microbial divergence among populations. Second, we used several complimentary approaches (Mantel tests, t-tests of UNI-FRAC distances, and Sourcetracker) to test whether geographic variation in water or prey microbiota explains variation in host microbiota. Third, we used previously published population genetic data from the same populations examined here, to estimate pairwise genetic divergence between populations (Rst) and mean heterozygosity within each population. We then tested whether host genetic variation (within-and between populations) is correlated with within-and between-population differences in gut microbiota composition, controlling for geographic variation and environmental microbiota. Additional details of each test are given alongside the corresponding results, below, for clarity. For each of the statistical analyses involving UniFrac distances or PCoA scores we carried out two separate tests: using either unweighted or weighted Unifrac distances (or PCoA scores calculated from UniFrac distances). The following analyses were carried out in R (R Development Core Team, 2012), unless specified otherwise.
Results
Microbial divergence among populations
We first tested whether gut microbiota composition differed among all 10 stickleback populations. We used a nested PERMANOVA (10 000 permutations) to estimate the roles of habitat (lakes versus streams versus estuaries) and population (nested within habitat) in explaining variation in UniFrac distances between individual fish. Substantial gut microbiota differentiation exists among populations (unweighted UniFrac Po0.001, F = 3.569; weighted UniFrac Po0.001, F = 3.266), and somewhat between habitats (unweighted F = 2.228, P = 0.049; weighted F = 1.773, P = 0.089; Figures 2a and 3a) . Using a regression of divergence time estimates (from Caldera and Bolnick, 2008) for three population pairs (2000 to 5000 years diverged), we quantified the rate of gut microbiota divergence (UniFrac distance between populations/mean UniFrac distance within those populations) to be increasing 0.029 unweighted UniFrac distances (0.096 weighted) every 1000 years.
Next, we focused exclusively on the six lake populations. We used a PERMANOVA (10 000 permutations) to test whether gut microbiota composition varied among populations or between sexes, retaining R 2 values as a measure of effect size for each model term. The six lake populations differed from one another using unweighted and weighted UniFrac distances (both Po0.001; Figure 2b ). Among lakes, population explained 19.5% of unweighted UniFrac variation (weighted UniFrac, 15.3%). However, sex did not have a significant main effect (unweighted UniFrac R 2 = 0.012, P = 0.150; weighted R 2 = 0.004, P = 0.550) or interaction with popu lation (unweighted UniFrac R 2 = 0.051, P = 0.142; weighted R 2 = 0.066, P = 0.095). We identified specific microbial taxa important in distinguishing among habitat types and among populations using QIIME's supervised learning functionality (Supplementary Figures S1 and S2;  Supplementary Tables S5 and S6 ).
Colonization by environmental microbiota
We next quantified the contributions of water-and food-associated microbiota variation in the stickleback gut microbiota composition. Ingested water and food import recurrent microbial colonists of the stickleback gut. These colonizing microbes may (i) be transient and rapidly excreted, (ii) be moribund because they are unable to survive or reproduce in the vertebrate gut or (iii) become permanent residents of the stickleback gut. Note that, consistent with metacommunity theory, we use the term colonization to refer to newly arrived species without presupposing a long-term outcome (persistence or elimination). Considering all stickleback samples together, a comparable number of gut microbe OTUs were shared with water (38.0%) and invertebrate (43.0%) microbial communities (Figure 3b ). There was also overlap between water and invertebrate communities. Note that these counts of shared microbial OTUs are sensitive to sampling effort; more extensive sampling of water and invertebrate microbiota would presumably reveal additional microbes and might therefore increase these estimates of overlap with the fish gut microbiota.
We then used Bayesian community-level source tracking to estimate how much of the stickleback gut microbiota is from water, or invertebrate prey sources (after filtering OTUs found in fewer than 1% of all samples): on average 12.6% of the fish gut microbiota was from water sources, 73.3% from prey sources and 14.1% unknown (o0.05% of all samples came from presumed human gut, oral, or skin contamination). This analysis does not consider all source-sink scenarios (for example, fish-fish transmission or fish-to-water), nor does our study consider other potential environmental sources (for example, sediment, vegetation, allochthonous debris) or all possible prey. However, our data suggest that the gut microbiota is assembled partly via colonization by both water-and food-associated microbes, with food being the more substantial of the two sources. A caveat is that we cannot rule out the possibility that water microbes are important colonists but are disproportionately excluded by the host immune system or gut environment.
A follow-up question is whether the amongpopulation gut microbiota differences we observe are due to differential exposure to environmental microbes. First, we focus on the overall resemblance between individual fish and the microbiota of the local water. Water microbial communities differed among sample sites (unweighted UniFrac PERMA-NOVA Po0.001, R 2 = 0.739; weighted UniFrac Po0.001, R 2 = 0.909). If fish gut microbiota are predominantly assembled via water-associated colonists, then we expect fish gut microbiota to most closely resemble the water microbiota from their own site, compared with other sites' water microbiota. To test this prediction, we did a one-tailed t-test using pairwise UniFrac distances between individual stickleback and individual water samples. We did not find higher resemblance between stickleback gut microbiota and their local water versus foreign water microbiota (unweighted UniFrac t = 0.497, P = 0.685; weighted t = − 0.596, P = 0.281).
Using SourceTracker to estimate the contribution of native water versus foreign water to stickleback microbiota, we found no evidence that individual stickleback are colonized by local water microbes more strongly than by foreign water microbes (onetailed t = 0.610, P = 0.278). Similarly, stickleback OTUs were not shared more often with water samples from their native water versus from foreign water (one-tailed t = 0.593, P = 0.283).
Finally, we can focus on the aggregate microbial metacommunity in each host population. We evaluated whether the matrix of between-population gut microbial distances (mean UniFrac distances) is correlated with the matrix of between-population water microbial distances. Geographic distance was correlated with mean pairwise UniFrac distances of both water (unweighted UniFrac R = 0.691, P = 0.012; weighted R = 0.561, P = 0.017) and gut microbiota (unweighted Unifrac R = 0.656, P = 0.010; weighted R = 0.170, P = 0.264) among the 10 sample sites. Controlling for geographic distance as a confounding variable using a partial Mantel test, we found no correlation between gut microbiota distance and water microbiota distance (unweighted UniFrac R = 0.176, P = 0.210; weighted R = 0.076, P = 0.333). The effect of geography is driven by the fact that the marine sites are more distant, and more environmentally distinct, from all other sites (which are comparatively tightly clustered). In conclusion, although water microbes are an important source of colonists for the fish gut (as shown above), multiple analyses indicate that geographic differences in water microbes are not responsible for the geographic differences in fish gut microbiota. Note that we do not rule out associations between microbe OTUs that are rare in both water and stickleback. However, these rare OTUs would contribute little to overall microbial variation here.
Exposure to prey microbiota Microbial differences between fish populations might also arise from colonization by different food-associated microbes. Diet can affect exposure because commonly eaten prey carry different microbes in different lakes, because fish from different lakes eat different kinds of prey (Matthews et al., 2010) , or because the nutrients in different prey items favor the growth of different microbes in the fish gut (Bolnick et al., 2014b) . These mechanisms are not mutually exclusive, so for present purposes we lump them together and ask whether fish gut microbiota resemble the microbiota of the dominant prey in their habitat more than microbiota of dominant prey in other habitats. Dominant prey within a location were those that were both particularly abundant in our environmental samples, and thus commonly found in stickleback stomach contents (Snowberg et al. (in press) ). We used approaches similar to the tests of water-microbe effects, described above, to compare fish microbiota with local versus foreign prey microbes.
Pairwise unweighted UniFrac distances between fish gut microbiota and local versus foreign invertebrates (not necessarily the same species across sample sites) demonstrated that fish gut microbiota disproportionately resembled the microbiota of local, rather than foreign, invertebrate prey (t = − 2.156, P = 0.024; not significant with weighted UniFrac: t = − 1.336, P = 0.101). SourceTracker scores assigning fish microbiota to local versus foreign invertebrates revealed a marginally significant tendency for fish gut microbiota to come from local rather than foreign prey (t = 1.774, P = 0.053). However, the proportion of OTUs shared between fish and invertebrate samples (like above) did not reveal a convincing bias towards local sources (t = 0.912, P = 0.189). Finally, lakes with more similar invertebrate microbiotas also had more similar gut microbiotas using unweighted UniFrac (Mantel R = 0.395, P = 0.029; but not weighted: R = − 0.234, P = 0.856), while controlling for geographic distance. Thus, geographic variation in the microbiota of stickleback prey (mostly insect larvae and crustaceans) is associated with the geographic variation in stickleback microbiota.
Genetic versus microbial divergence
We used previously published microsatellite data (Caldera and Bolnick, 2008) from the six lakes studied here to test whether more genetically divergent populations are more microbially divergent. We used estimates of population genetic divergence (Rst) between each pair of lakes in partial Mantel tests to determine whether betweenpopulation gut microbial distance (mean UniFrac) is correlated with between-population genetic and geographic distances. Rst and mean UniFrac distance were positively correlated among lakes while controlling for geographic distances (unweighted UniFrac Mantel R = 0.651, P = 0.020; weighted R = 0.511, P = 0.038, Figure 4 ). Microbiota-Rst correlations were significant with or without geographic distance as a covariate.
Among-lake geographic distance was not correlated with genetic differentiation (R = 0.012, P = 0.468) or gut microbiota distance (unweighted UniFrac R = 0.206, P = 0.250; weighted R = 0.017, P = 0.461). The lack of geographic distance effect, when analysing just lakes, is different from the strong effect of distance seen when we included marine sites (described above). This is because marine sites are both far more distant from the lakes and streams, and more ecologically and microbially divergent. Omitting these far-distant marine sites thus eliminates the effect of geographic distance on microbial differences between populations.
Stickleback populations are known to diverge in diet composition (Matthews et al., 2010; Snowberg et al. (in press) ), which raises the possibility that more genetically divergent host populations might be exposed to more divergent environmental microbes. To control for this possibility, we removed environment-associated OTUs from the data set and re-analyzed the association between genetic and microbial divergence among populations. Removing water-or invertebrate-associated microbes, or both, increases the strength and statistical significance of the positive association between host genetic distance and gut microbiota divergence (Supplementary  Table S7 ).
Finally, we used a multivariate analysis of variance (MANOVA) to test whether population differences in gut microbiota composition (the first three unweighted or weighted PCoA scores) covary with genetic diversity within populations. We measured genetic diversity as the mean withinindividual heterozygosity, at the six microsatellite loci from Caldera and Bolnick. (2008) . This yields an estimate, for each lake, of genetic diversity and thus effective population size. We found that gut microbiota composition covaried with within-population genetic diversity using unweighted PCoA (Pillai = 0.971, P = 0.043) but not weighted (Pillai = 0.394, P = 0.753). Note that populations, not individual fish, constitute the level of replication in this analysis, and therefore it is not necessary that estimates of population heterozygosity and population microbiota composition come from the same individual animals. Levels of heterozygosity and population divergence, with these neutral markers, are quite stable from year to year in stickleback from this region.
Microbial alpha and beta diversity within populations We next examined population-level differences in microbial community diversity. We used ANOVAs comparing within-fish diversity (alpha diversity; measured as phylogenetic diversity, Chao1 and species richness) among populations, habitats and sex. Alpha diversity differed among populations for all metrics (each Po0.001; Figure 5 ).
Similarly, we used an ANOVA to compare between-fish diversity (beta diversity: mean pairwise Genetic distance (Rst) Mean unweighted UniFrac distance Figure 4 Linear regression of genetic divergence (Rst, based on microsatellite allele frequencies reported in Caldera and Bolnick 2008) among six lake populations versus mean microbial phylogenetic distance (mean unweighted UniFrac). Mantel R = 0.651, P = 0.020.
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UniFrac distances among all individuals in a population) among populations. Because this test entails pairwise comparisons among individuals, we used a Monte Carlo permutation approach to obtain P-values for this ANOVA, shuffling fish among populations and calculating resulting null F statistics; repeating this permutation 1000 times provided a null distribution against which we tested the observed F statistic. Between-fish diversity also differed among populations (P = 0.002 and P = 0.001 for unweighted and weighted UniFrac, respectively).
Larger and deeper lakes tend to have higher effective population sizes and more genetic heterozygosity (Caldera and Bolnick, 2008 ), so we next tested for associations between microbial diversity and heterozygosity within populations. There was no significant relationship between mean heterozygosity and mean microbial alpha diversity (for any metric, all P40.1). However, more heterozygous populations tended to exhibit less beta diversity (among-individual variation) in their gut microbiota (weighted UniFrac R 2 = 0.769, P = 0.014; unweighted R 2 = 0.446, P = 0.088).
Environmental covariates
We tested whether lake geomorphology (mean depth) covaries with fish gut microbiota diversity. Geomorphology data were acquired from Caldera and Bolnick (2008) . Previous studies have found that, within a single lake population, individual stickleback differ in prey preferences (Matthews et al., 2010) and exhibit corresponding differences in gut microbiota composition (Bolnick et al., 2014c) . Very large and very small lakes tend to be dominated by limnetic-and benthic-specialists, respectively, while intermediate-sized lakes harbor a mixture of both and thus have greater among-individual diet variation (Bolnick, 2011) . If among individual diet variation confers greater among individual microbial variation, we expected a negative quadratic ( ø-shaped) relationship between lake size and microbial beta diversity. Quite the contrary, quadratic regression of beta diversity on lake size (depth) revealed a significant positive quadratic relationship (unweighted UniFrac distances R 2 = 0.818, P = 0.028; weighted R 2 = 0.467, P = 0.167; Figure 6 ). This indicates that among-individual microbial variation is actually greater in small shallow and larger deeper lakes, where among-individual diet variation is typically reduced. Microbial beta diversity is lower in mid-sized lakes where diet heterogeneity is typically expected. We emphasize that this result has low power, relying on only six lakes. However, this represents one of the first tests of whether abiotic (geomorphological) variables affect gut microbial composition and diversity.
Discussion
We found that threespine stickleback populations differ in gut microbial composition, within-host diversity and between-host diversity. This amongpopulation variation was attributable both to general habitat type (lake, stream or estuary) and to differences among populations of the same habitat type (lakes). Population effects were greater than habitat effects in explaining microbial variation, and were far more important than variation due to host sex.
After accounting for habitat and population effects, there remained substantial residual variation in microbial community composition, which likely reflects among-host variation in diet 2014b, c) and genotype (Bolnick et al., 2014a) . Little Mud Lake Blackwater Lake Population Figure 5 Alpha diversity levels (# OTUs) of stickleback gut microbiotas after rarefaction to 3000. Metrics phylogenetic diversity, chao1 and species richness all varied among populations: each Po0. 001, and F = 4.667, 4.452, 5.497 , respectively. White = estuary, light gray = stream, dark gray = lake.
We conclude that there is significant variation in stickleback gut microbiota across multiple nested levels: microbial diversity within individual fish hosts, microbial variation among co-occurring host individuals and microbial variation among host populations. The next challenge is to evaluate the extent to which this variation is attributable to differences in colonization and/or host genotype.
Differential colonization
Our data demonstrate that population differences in gut microbiota composition can be attributed partly to differential colonization by microbes from the external environment. Variation in habitat type (lake, stream or estuary) can cause differential exposure to microbes. Numerous biotic and abiotic variables distinguish these habitat types and potentially influence the gut microbiota. For example, salinity is the predominant variable distinguishing environmental microbes worldwide (Lozupone and Knight, 2007) and likely causes differences in the microbial communities between our freshwater and marine sites. Correspondingly, several of the most important OTUs distinguishing among habitat types were marine cyanobacteria (Prochlorococcus marinus). However, our analyses did not find evidence that water-microbiota differences influence differences in the gut microbiota among populations. This is surprising, given that water-derived microbes contribute an estimated 12.6% of the stickleback gut microbiota, and water samples are distinct among sites. Previous research in a wide variety of species (including stickleback) has shown that individual diet influences gut microbial composition (Turnbaugh et al., 2008; Muegge et al., 2011; Wu et al., 2011; Bolnick et al., 2014b, c) . Such diet effects, however, can arise either from differential colonization by food-associated microbes or nutritional effects on microbial persistence. We found evidence for the former (colonization effects), because among-lake differences in the microbiota of commonly eaten prey were associated with among-lake differences in fish gut microbiota. That is, according to some metrics we examined, stickleback gut microbes disproportionately resembled the microbiota of invertebrates from fishes' native lake, as opposed to microbiota of invertebrates from foreign lakes. Thus, stickleback gut microbiota tends to be more similar to food-associated than waterassociated microbes, and geographic variation in food microbiota contributes more to geographic variation in fish microbiota. The food-microbes involved in this relationship may be more longterm inhabitants of the gut, or more transient inhabitants. Additional work will be needed to test whether this overlap arises from shared symbionts, or whether fish guts contain transient microbes imported with food but unable to persist within the gut. However, even transient microbes might contribute to digestion of prey tissue and thereby influence microbial community structure and host nutritional state.
The tendency for fish to harbor microbiota from their local prey is inconsistent with a recent experimental study of stickleback. In laboratoryreared stickleback, different foods induced divergence in microbiota composition (Bolnick et al., 2014b) . However, the microbiota of fish fed Daphnia were not more similar to Daphnia microbes, nor did chironomid-fed fish carry more chironomidassociated microbes. The experimental results suggest that differential colonization of microbes is relatively unimportant compared with nutritional effects on gut microbial persistence. Our current results, using entirely natural populations and their prey, present a somewhat different but not necessarily contradictory conclusion, that microbial colonization from food does explain some of the natural among-population variation in stickleback gut microbiota.
Abiotic ecological features were also correlated with gut microbial diversity. Among-individual microbial diversity was higher in shallow and deep lakes than in lakes of intermediate depth. This association most likely arose from stickleback foraging ecology, although the direction is opposite from what we expected. This suggests that diet-based colonization alone cannot account for beta-diversity within lakes, consistent with previous field and lab studies showing that mixed-diet fish actually exhibit reduced rather than elevated microbial diversity (Bolnick et al., 2014b) . In conclusion, by analyzing both host genotype and environmental microbes (from water and prey) we can confirm that stickleback gut microbial metapopulation structure is in part shaped by differential colonization from the outside environment (ingested prey and water). Mean depth Mean between-fish unweighted UniFrac distance Figure 6 Regression of mean lake depth 2 with mean between-fish unweighted UniFrac distance among the six lake populations, plus upper and lower confidence intervals.
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Species sorting and persistence
The system of geographically close but genetically differentiated lake populations allowed us to measure the effect of genetic distance on gut microbiota composition on a small spatial scale (for example, with minimal climactic or biogeochemical heterogeneity). Genetic distance among populations correlated with gut microbiota distance. In contrast, geographic distance among the six lakes had no effect on microbial differentiation. This suggests that a substantial portion of gut microbiota variation is controlled by host genotype. Note that geographic distance did have an effect on microbial differentiation when we examine all 10 populations sampled here, but this geographic effect is confounded by environmental differences, because the two brackish sample sites are also the most distant.
Genotype-microbiota correlations became even stronger after controlling for water-and preyassociated microbes. Consequently, differential microbe exposure does not cause the strong positive association between among-population genetic and microbial divergence. We infer that colonization effects, at least as measured by water and prey microbes, are weak compared with genotype effects in microbial species sorting. Such genetic control could arise either through genetic differences in mucosal immune function (for example, MHC genotype, Bolnick et al., 2014a) or through genetically based differences in host ecology (for example, diet; Bolnick et al., 2014c) . Surprisingly, populations with greater genetic heterozygosity tended to exhibit lower amongindividual microbial variation. The physiological mechanisms underlying these effects are not known at present. However, the results presented here are consistent with a recent study from a single population of stickleback, showing that individuals with more diverse Major Histocompatibility Complex class II (MHC II) alleles have less diverse gut microbiota (Bolnick et al., 2014a) . We speculate that the effect of overall heterozygosity described here may be a proxy for immunogenetic diversity (possibly at the MHC), which tends to reduce microbial diversity. MHC is also known to differ among stickleback populations (Eizaguirre and Lenz, 2010; Stutz and Bolnick, 2014) , and so may contribute to the genetic basis of population differences in gut microbiota. Further studies will be required to test these possibilities.
In conclusion, our work demonstrates substantial gut microbiota differentiation even among geographically nearby vertebrate populations, and that the gut microbiota is shaped by both host ecology and genetics. Using metapopulation theory as a framework, we tested whether colonization processes (input of microbes from outside sources) can explain the among-population differences in gut microbiota. We confirmed that host habitat and food-associated microbes (but not water-borne microbes) predict population differences in gut microbiota. However, host genetic divergence was a stronger predictor of microbial differences among populations, especially once food-and waterassociated microbes were removed from consideration. Because host immune genotype has previously been shown to affect gut microbiota in this study organism (Bolnick et al., 2014a) , we suggest that these genotypic effects are indicative of species sorting processes within the host. This inference is strengthened by our finding that genetic variation is also associated with microbial variation within populations (where water microbiota and prey microbiota are largely shared). These results represent one of the first attempts to identify and partition colonization and sorting processes in a wild gut microbiota metapopulation. Further research will be required to test additional sources of colonization, to distinguish various mechanisms of microbial sorting and to extend these approaches to additional species. Ultimately, understanding microbial metapopulation assembly rules will be necessary to guide therapeutic or agricultural manipulations of symbiotic microbiota.
